Climate warming is changing streamflow regimes and groundwater storage in cold 16 alpine regions. In this study, a headwater catchment named Yangbajain in the Lhasa 17
meteorological observations from 1979 to 2013. Then active groundwater storage in 23 autumn and early winter is quantified by recession flow analysis assuming 24 nonlinearized outflow from aquifers into streams. The results show that annual 25 streamflow increases significantly at a rate of about 12.30 mm/10a during this period. 26
The significant increase of annual air temperature compared with nonsignificant 27 variation of annual precipitation indicates that the climate warming takes 28 responsibilities to the increase of streamflow. It is believed that the increased 29 streamflow is mainly fed by glacier meltwater, which has led to over 25% loss of the 30 total glacial volume in the past 50 years in this catchment. Moreover, the 31 significant increase of annual baseflow at a rate of about 10.95 mm/10a is the dominant 32 factor for the increase of the total streamflow. Through recession flow analysis, we find 33 that recession coefficient K and active groundwater storage S in autumn and early 34 winter increase significantly at the rates of about 7.70 (mm 0.79 d -0.21 )/10a and 19.32 35
Introduction 47
Often referred to as the "Water Tower of Asia", the Tibetan Plateau (TP) is the source 48 area of major rivers in Asia, e.g., the Yellow, Yangtze, Mekong, Salween, Indus, and 49 Brahmaputra Rivers (Cuo et al., 2014) . The delayed release of water resources on the 50 TP through glacier melt can augment river runoff during dry periods as a pivotal role 51 for water supply for downstream populations, agriculture and industries in these rivers 52 (Viviroli et al., 2007; Pritchard, 2017) . However, the TP is experiencing a significant 53 warming trend during the last half century (Kang et al., 2010; Liu and Chen, 2000) . 54
Along with the rising temperature, major warming-induced changes have occurred over 55 the TP, such as glacier retreat (Yao et al., 2004; Yao et al., 2007) and frozen ground 56
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The climate in the catchment is characterized by semi-arid temperate monsoon 163
climate. The average annual air temperature of the Yangbajain catchment is 164 approximately -2.3°C with monthly variation from -8.6°C in January to 3.1°C in July 165 ( Figure 2 ). The average annual precipitation at the Yangbajain station (4,305 m) in the 166 valley is about 427 mm. The intra-annual distribution of precipitation is extremely 167 uneven due to the pronounced rainy season during the summer monsoon (June-August) 168 and the dry season lasting the rest of the year. Nearly 73% of the total precipitation 169 occurs in summer, while only 1% of the precipitation occurs in winter (December-170 February) (Figure 2) . 171
The average annual runoff depth is 277.7 mm, and the intra-annual distribution of 172 streamflow is uneven. Approximately 63% of the annual streamflow is observed in 173 summer, whereas in the winter season, streamflow is low and accounts for only 4% of 174 the annual streamflow (Figure 2 ). Streamflow is recharged mainly by monsoon rainfall 175 and summer meltwater. The river in winter is only recharged by groundwater, which is 176 greatly affected by the freeze-thaw cycle of frozen ground and the active layer (Liu et 177 al., 2011 
Methods 196

Mann-Kendall test with trend free pre-whitening 197
The Mann-Kendall (MK) test is applied to detect trends of hydro-meteorological time 198 series, which is robust against outliers and is suitable for data with non-normally 199 distributed or non-linear trends (Mann, 1945; Kendall, 1975 
where, xj and xi are the data values in sequence, n is the sequence length, and sgn (xj-207 xi) are recorded as 208
The variance of s is proposed by the equation (3) In this paper, the most widely used one-parameter digital filtering algorithms is 224 adopted for baseflow separation (Lyne and Hollick, 1979) . The first filter equation is 225 expressed as 226
where qt and qt−1 are the filtered quickflow at time step t and t-1, respectively; Qt and 229
Qt−1 are the total runoff at time step t and t-1; bt is the filtered baseflow. α is the filter 230 parameter, ranging from 0.9 to 0.95. 231
Determination of active groundwater storage 232
The method of recession flow analysis is widely used to investigate the baseflow 233 recession characteristics and the storage discharge relationship of catchments (Gao et 234 al., 2017) . Physical considerations based on hydraulic groundwater theory suggest that 235 the groundwater storage in a catchment can be approximated as a power function of 236 baseflow rate at the catchment outlet (Brutsaert, 2008) can be assumed to depend solely on the groundwater storage from the upstream aquifers. 245
For such baseflow conditions, the conservation of mass equation can be represented as 246
where t is the time. Substitution of equation (8) in equation (9) In our study, the baseflow recession data are selected from the streamflow 256 hydrographs, which remarkably decline for at least 3 days after rainfall ceases and 257 remove the first 2 days to avoid the impact of storm flow (Brutsaert and Lopez, 1998) . 258
A variable time interval Δt is used to properly scale the observed drop in streamflow to 259 avoid discretization errors on -dy/dt~y plot due to measurement noise, especially in the 260 log-log space (Rupp and Selker, 2006; Kirchner, 2009) 
Variation of annual streamflow and its components 273
The annual streamflow of the Yangbajain catchment shows an increasing trend at the 274 5% significance level with a mean rate of about 12.30 mm/10a over the period 1979-275 2013 (Table 1 and Figure 4a ). Meanwhile, annual mean air temperature exhibits an 276 increasing trend at the 1% significance level with a mean rate of about 0.28 °C /10a 277 (Table 1 and Figure 5a ). However, annual precipitation has nonsignificant trend during 278 this period (Table 1 and Figure 5b ). The similar variation trends between annual 279 streamflow and annual air temperature indicate that the changes of air temperature may 280 act as a primary climatic factor for streamflow increase. 281
As the significant rising of air temperature, glacier in the catchment has been 282 retreating continuously. According to the twice Chinese Glacier Inventory (I & II 283
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Variation of seasonal streamflow and its components 305
The hydrograph of the Yangbajing catchment shows obvious intra-annual variation 306 (Figure 2) . Streamflow sources and main components also change with the streamflow 307 magnitude. The variation trends of streamflow regimes also change across seasons. In 308 autumn, winter, and spring, both streamflow and baseflow show significant increasing 309 trends at least at the 5% level (Figures 7c, 7d and 7a) . However, quickflow exhibits 310 nonsignificant trend for all seasons (Table 1) . Streamflow increases significantly at the 311 5% level in autumn and the increasing trends reach the significant level of 1% in winter 312 and spring. Baseflow increases significantly at the 1% level in spring and autumn and 313 the increasing trend is at the 5% significance level in winter. However, the trends are 314 not statistically significant for both streamflow and its two components (quickflow and 315 baseflow) in summer ( Figure 7b ). As to the meteorological factors, mean air 316 temperature in all seasons increase significantly at the 1% level especially during winter 317 with the rate of about 0.51°C /10a (Table 1 and Figure 8 ), whereas precipitation in each 318 season shows nonsignificant trend during these years (Table 1) . 319
Compared with monsoon rainfall as the main water source for summer which 320 accounts for about 73% of the total precipitation in the whole year, the corresponding 321 meltwater from glacier is considerable but its contribution to streamflow is limited. 322
Moreover, the summer meltwater and rainfall will partly infiltrate into soils and aquifers. 323 Carey and Quinton (2004) suggests that in snow and permafrost catchments with the 324 thin river valley and the steep slopes, meltwater infiltrates soils and resides in temporary 325
Hydrol storage at the beginning of the melt period, and then are allowed to rapidly drain through 326 surface layers. However, due to thicker aquifers in the wide and flat catchment valley 327 (Figure 1b) , summer meltwater and rainfall stored in aquifers are allowed to release 328 slowly from groundwater storage as baseflow in the following seasons, which has led 329 to the stability of baseflow in summer and the significant increase of baseflow in 330 autumn, winter and spring. 331
Variation of baseflow recession rate and groundwater storage 332
Using the data selected procedure mentioned in the section 2.3.3, we adopted daily 333 streamflow and precipitation records from September to December (the autumn and 334 early winter) over the period 1979-2013 in the catchment, during which the hydrograph 335 with little precipitation usually declines consecutively and smoothly. The fitted slope b 336 is equal to 1.79 through the non-linear least square fit of equation (10) (Figure 10a and 10b) . 371
The increased groundwater storage S in autumn and early winter is associated with 372 the hypothesis that frozen ground degradation due to the significant rising air 373 temperature during autumn and winter (Figure 8c and 8d) , which can enlarge 374 groundwater storage capacity (Niu et al., 2016) . Figure 3 depicts the changes of surface 375 flow and groundwater flow paths in a glacier-fed and underlying-frozen ground 376 catchment under past climate and warmer climate, respectively. As frozen ground 377 extent continues to decline and active layer thickness continues to increase in the wide 378 and flat valley, the enlargement of groundwater storage capacity can provide enough 379 storage space to accommodate increasing meltwater, and support more meltwater to 380 percolate into deeper aquifers rather than surface layers, and thereby increase 381 groundwater storage in the valley floor (Figure 3) . Then, the increase of groundwater 382 storage in autumn and earlier winter allows more groundwater discharge into streams 383 as baseflow, and lengthens the time scale of the baseflow recession process indicated 384 by recession coefficient K. This leads to increase baseflow and slow baseflow recession 385 processes in autumn and early winter, as is shown in Figure 7c , 7d and Figure 10a . In 386 the late winter and spring, the increase of baseflow (Figure 7d and 7a) 
Conclusions 389
In this study, the changes of hydro-meteorological variables were evaluated to 390 identify the main climatic factor for streamflow increase during the period 1979-2013 391 of the Yangbajain catchment, a sub-catchment with larger glacierization and large-scale 392 frozen ground in the Lhasa River basin in the south-central TP. We analyzed the changes 393 of streamflow components through baseflow separation method. We quantified 394 baseflow recession process and active groundwater storage in autumn and early winter 395 by recession flow analysis assuming nonlinearized outflow from aquifers into streams, 396 and analyzed the seasonal variations of streamflow and its components in response to 397 the changes in active groundwater storage. 398
We find that the increase of annual streamflow is mainly due to the increase of annual 399 baseflow, which is caused by increased temperature rather than precipitation in the 400 long-term period. The decreased glacial volume due to climate warming has supplied 401 large quantities of glacial meltwater which recharges aquifers and resides in temporary 402 storage during summer, and then releases as baseflow during the following seasons. 403
Moreover, the increase of active groundwater storage in autumn and early winter can 404 partly be attributed to the enlargement of groundwater storage capacity by frozen 405 ground degradation, which can provide storage spaces for increased glacial meltwater. 406
This can partly explain why baseflow volume increases and baseflow recession process 407 slows down in autumn, winter, and spring seasons. 408
This study provides a fundamental understanding of the changes in streamflow and 409
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-541 Manuscript under review for journal Hydrol. Earth Syst. Sci. Comment: the symbols of asterisks *and ** mean statistically significant at the levels of 5% and 1%, respectively. 
